Abstract. An in-depth characterization of the optical properties of bovine retinal and retinal pigment epithelium-choroidal tissues has been performed. The indices of refraction of these ocular tissues were determined by applying Brewster's law. The inverse adding doubling method based on the diffusion approximation and radiative transport theory is applied to the measured values of the total diffuse transmission, total diffuse reflection, and collimated transmission to calculate the optical absorption, scattering, and scattering anisotropy coefficients of the bovine retinal and retinal pigment epithelium-choroidal tissues. The values of the optical properties obtained from the inverse adding doubling method are compared with those generated by the Monte Carlo simulation technique. Optical polarization measurements are also performed on bovine retinal tissues. Our studies show that both retina and retinal pigment epithelium-choroid possess strong polarization characteristics. © 2004 Society of Photo-Optical Instrumentation Engineers.
Introduction
Although there have been some studies on ocular melanin, 1,2 a systematic investigation of the optical properties of intact ocular tissues is lacking. In this article, we present an in-depth characterization of the optical properties of bovine retinal and retinal pigment epithelium ͑RPE͒-choroidal tissues. Melanin, a dark-brown pigment abundantly present in human skin, RPE, and choroid, is one of the primary biological components for light absorption and scattering. The chemical composition of melanin may be described as sulfur-containing ͑pheomelanin͒ or sulfur free ͑eumelanin͒, although most physiological melanins consist of two types of copolymer. 1 Dryja et al. 3 have shown that the melanin in RPE and choroid is similar, with a low sulfur content of approximately 1%, indicating a largely eumelanin composition. The optical properties, however, do not differ significantly between eumelanin and pheomelanin. Melanin in the RPE and choroidal tissues strongly absorbs the higher energy photons of ultraviolet radiation, which are very phototoxic to the human eye. It is also believed that melanin-rich skin has a natural resistance to skin cancer induced by solar exposure. A recent study by Sardar et al. 2 has shown that the scattering is predominant over the absorption in melanin prepared from melanosomes isolated from bovine RPE.
Biological materials ͑e.g., tissue and blood͒ are found to strongly scatter light. 4, 5 Mourant et al. 4 have demonstrated that the light-scattering property of biomaterials can be used as a diagnostic means for determining tissue pathology. 4 Since medical laser applications for ocular diseases have steadily increased over the past several years and have become more complex, it is imperative that we understand the fundamental optical properties of ocular tissues because they influence the distribution and propagation of light in laser-irradiated tissues. Owing to the complex nature of retinal and RPE-choroidal tissues, both their absorption and scattering properties must be considered for medical applications of lasers.
The quantitative distribution of light intensity in biological media can be obtained from the solution of the radiative transport equation. 6 The details of this equation and the application of the Henyey-Greenstein scattering approximation to biological media can be found in Ref. 2 . Although the transport equation is difficult to solve analytically for biological media because of the inherent inhomogeneities and irregularities in their physical shapes, an approximate solution can be obtained by assuming homogeneity and regular geometry of the medium, and thus an estimate of light intensity distribution can be obtained by solving the radiative transport equation. In order to do this, the values for the absorption, scattering, and scattering anisotropy coefficients are needed. Therefore, an appropriate experimental method is necessary to measure these fundamental optical properties.
Although a single measurement of the total transmission through a sample of known thickness provides an attenuation coefficient for Beer's law of exponential decay, it is impossible to separate the attenuation that is due to absorption from the loss that is due to scattering. This problem, to some extent, has been resolved by the one-dimensional, two-flux KubelkaMunk model, 7 which has been widely used to determine the absorption and scattering coefficients of biological media, [8] [9] [10] [11] [12] [13] provided the scattering is significantly dominant over the absorption. This model provides simple mathematical expressions for determining the optical parameters from the diffuse reflection and transmission measurements. In the past, researchers have applied the diffusion approximation to the transport equation to study biological media. 14 -16 Most nota-bly, following the Kubelka-Munk model and diffusion approximation, an excellent experimental method was described by Van Gemert et al. 17 and Van Gemert and Star 18 for determining the absorption and scattering coefficients and the scattering anisotropy factor.
Even though the general solution is not available, an elaborate numerical solution is possible using the Monte Carlo ͑MC͒ simulation technique. [19] [20] [21] An important numerical approach known as the inverse adding doubling ͑IAD͒ method has been employed to solve the transport equation. 22 Both the IAD method and MC simulation technique provide more accurate estimates of optical properties for turbid media than any other models previously used. The details of the IAD method can be found in Ref. 2 .
Retinal and RPE-choroidal tissues are found to be inherently birefringent and thereby possess an important optical polarization property. Based on their geometry and optical characteristics, these tissues have the intrinsic property of altering the polarization of incident light in every scattering event. Therefore, in addition to characterizing fundamental optical properties, polarization measurements have also been made for bovine retinal and RPE-choroidal tissues.
Materials and Methods

Retinal and RPE-Choroidal Tissue Preparation
Samples of retinal and RPE-choroidal tissues were prepared from fresh bovine eyes ͑left and right͒ obtained from local slaughter plants; the eyes were preserved on ice and transported to our laboratory in less than an hour. Upon arrival in the laboratory, anterior segments, including cornea, lens, and aqueous vitreous humor fluid, were removed from the eyes. The retina was then carefully lifted from the posterior eye cup and mounted between two glass slides. The RPE-choroid was subsequently removed from the eye and similarly mounted. The thicknesses of the retinal and RPE-choroidal tissues were approximately 0.15 and 0.10 mm, respectively. A small amount of vacuum grease was applied to the edges of the glass slides in order to maintain the moisture of the tissue sample. All of the data were collected at room temperature within 2 h from the slaughter of the animals.
Measurement of Index of Refraction
The indices of refraction of the retinal and RPE-choroidal tissues were determined by using Brewster's law. 23 According to this law, the index of refraction ͑n͒ of the tissue can be determined by the following expression:
where p is the polarizing angle or Brewster's angle of incidence, which is achieved only when the refracted and reflected beams at the sample surface are at right angles; then the reflected beam would be 100% polarized. The index of refraction of air is taken to be 1. Under these circumstances, for an incoming unpolarized wave made up of two incoherent orthogonal p-states ͑i.e., linearly polarized or plane polarized͒, only the component that is polarized normal to the incident plane and therefore parallel to the surface will be reflected. Using the combination of a xenon arc lamp and a monochromator, a beam of unpolarized light at a known wavelength was directed onto the ocular tissue sample retained in between glass slides and mounted vertically on a calibrated table. The polarizing angle p was found by using a linear polarizing analyzer; the index of refraction was calculated for that particular wavelength using Eq. ͑1͒. This measurement was repeated for four different wavelengths ͑450, 500, 550, and 600 nm͒ selected through the monochromator.
Measurement of Scattering Anisotropy
Using an independent experimental technique, the scattering anisotropy coefficient g can also be obtained from the measurements of scattered light intensities ͑I͒ at various scattering angles ͑͒ using a goniometer table. The scattering anisotropy coefficient g is given by the average cosine of the scattering angle according to Eq. ͑2͒:
where the sums are taken over all values ͑i͒ of the scattering angles and intensities. The scattering anisotropy coefficient was obtained by irradiating the individual ocular tissue sample with a helium:neon ͑He:Ne͒ laser. The sample was placed in the sample holder affixed to the center of the goniometer 
Measurement of Diffuse Reflectance and Transmittance
Total diffuse reflectance and total diffuse transmittance were measured using the two identical integrating spheres ͑Oriel model 70451͒. The tissue sample was placed in a specially designed holder that coupled the two integrating spheres. The measurements were performed on the retinal and RPEchoroidal tissues at 514, 501, 488, and 476 nm from an argon ion laser ͑Spectra Physics model 2025͒. Although the maximum output power of the argon ion laser varied from 1 to 2 W, the average output power was kept at its minimum value of about 5 mW for all optical measurements. The laser beam diameter at 1/e 2 was 1.25 mm and beam divergence was 0.70 mrad at 488 nm.
The schematic of the experimental setup for measuring the total diffuse reflectance and total diffuse transmittance is shown in Fig. 1 . The experimental setup was similar to that used by Beek et al. 24 The laser beam was directed into the entrance port A of integrating sphere 1, whose exit port is coupled with the entrance port of integrating sphere 2; the sample was mounted at the coupling port C. The exit port B of integrating sphere 2 was covered with a cap with a reflective surface identical to that of the integrating spheres. The diameter of each sphere was 6 in. and each port had a diameter of 1 in. Light leaving the sample reflected multiple times from the inner surfaces of the spheres before reaching the PMTs. Reflecting baffles within the spheres shielded the PMTs from the direct light from the sample. Port A was equipped with a variable aperture so that the beam diameter could be appropriately controlled. The reflected and transmitted light intensities were detected by two identical PMTs ͑Oriel model 77341͒; these were attached to the two measuring ports of integrating spheres 1 and 2. The PMTs were powered by a common power supply ͑Bertan model 215͒. The signals from the PMTs were measured by two identical Fluke digital multimeters ͑model 77 series II͒. The measured light intensities were then utilized to determine the total diffuse reflectance R d and total diffuse transmittance T d by the following expressions:
and
where X r is the reflected intensity detected by PMT-1 with the sample at C; Z r is the incident intensity detected by PMT-1 without the sample at C and with the reflective surface at the exit port of integrating sphere 1; X t is the transmitted intensity detected by PMT-2 with the sample at C; Z t is the incident intensity detected by PMT-2 with no sample at C and with a reflective surface at B; and Y is the correction factor for the stray light measured by PMTs 1 and 2 with no sample at C or reflective surface at B.
Measurement of Collimated Transmittance
The unscattered collimated transmittance T c was measured to determine the total attenuation coefficients. The collimated laser beam intensities were measured by placing an integrating sphere approximately 2 m behind the sample so that the photons scattered off the sample would not be able to enter the aperture of approximately 3 mm in diameter at the entrance port of the sphere. The sample was aligned at a right angle with respect to the incident beam. The collimated transmittance was calculated by the following relation:
where X c is the collimated light intensity detected by a PMT ͑Oriel model 77341͒ attached to the measuring port of the integrating sphere and Z c is the incident light intensity detected by the PMT with no sample in the light path; the reflective surface was placed at the exit port of the integrating sphere in both cases. Additional details on the experimental design can be found in Ref.
2.
Inverse Adding Doubling Method
In order to solve the radiative transport equation, the IAD algorithm 22 must be supplied with the experimentally deter- where a and s are the absorption coefficient and scattering coefficient, respectively and t is the physical thickness of the sample and is measured in centimeters. The values of a and provided by the IAD method are then used to calculate the absorption coefficient and scattering coefficient using Eqs. ͑6͒ and ͑7͒.
Monte Carlo Simulation
The accuracy of values of the absorption coefficient and scattering coefficient determined by the IAD method was verified by the MC simulation technique. This method uses a stochastic model to simulate light interaction in biological media. 
Measurement of Polarization Shift
The experimental setup for polarization measurements for retinal tissue is shown in Fig. 2 . The He:Ne laser beam ͑Uni-phase model 1101P͒ with a power of 4 mW and beam diameter of 3 mm was passed through a linear polarizer placed in front of the retinal sample position, beyond which was placed a second linear polarizer ͑analyzer͒. The polarizers were obtained from Oriel Corp. ͑Oriel model 25010͒. A photodiode detector that was provided with a low-bias voltage from a power supply ͑Cenco model 31382͒ was placed behind the analyzer; the photodiode was connected to a multimeter ͑Fluke model 77 series II͒. First, the polarizer ͑without the sample and analyzer in the laser path͒ was rotated until the maximum laser light intensity was obtained, indicating that the laser beam was completely polarized. Once the maximum laser intensity was achieved, the analyzer was placed behind a pair of blank slides ͑without the sample in the light path͒. The analyzer was then rotated to maximize the light intensity so that the transmission axes of the polarizer and analyzer were parallel. The reference condition was established with a pair of blank slides placed in the sample position. The blank slides were then replaced by the retinal sample placed between the polarizer and analyzer. The polarization shift of the scattered laser light was observed and the shift was determined by rotating the analyzer until maximum light intensity was achieved. Three retinal samples were prepared and measurements were taken at three different locations on each sample; the averages of the measurements on each sample are given in Tables 1 to 3 . The laser beam cannot penetrate RPE-choroidal tissue sample because of its opacity. Therefore, a simple modification of the experimental setup was made to measure the polarized light scattered off the RPE-choroidal tissue; it is shown in Fig. 3 . A clean glass slide was placed in the sample holder and the scattered beam was directed at approximately a right angle with respect to the direction of the incident laser beam. The analyzer and photodiode were aligned with the direction of the most intense scattered beam. The same technique used for retinal tissue was employed to ensure that the transmission axes of both polarizer and analyzer were parallel. The glass slide was then replaced by the RPE-choroidal tissue sample. The polarization shift for the RPE-choroid was determined in the same manner as that for retinal tissue. For the RPE-choroidal sample, measurements were taken at three different locations on the sample; averages of the measure- ments were calculated and are given in Tables 1 to 3 . This was done to minimize the uncertainties in the measurements. The same experimental methodology was utilized for the polarization measurements on the retinal and RPE-choroidal tissues placed together. In this case, the retinal tissue sample was placed in front of the RPE-choroidal tissue sample.
Results and Discussion
The indices of refraction ͑n͒ of retinal and RPE-choroidal tissues varied from 1.34 to 1.38. The refractive indices of intact bovine retina are about 10% higher than those for melanin isolated from the bovine RPE melanosomes. 2 The measurements were repeated three times at each of the wavelengths used, and the values agreed to within 5%. The scattering anisotropy coefficients of retinal and RPE-choroidal tissues were determined to be between 0.92 and 0.96 from the goniometric measurements. For all of the IAD calculations, we used the average values of 1.36 and 0.94 for the index of refraction n and the scattering anisotropy coefficient g, respectively.
Total diffuse reflectance (R d ), total diffuse transmittance (T d ), and the collimated transmittance (T c ) values are given in Tables 4 and 5 for retinal and RPE-choroidal tissues, respectively. These measurements were repeated three times; the coefficient of variation of the measurements was determined to be approximately 4%. The margin of errors of the measurements of R d , T d , and T c are also given in Tables 4  and 5 . These values, along with the measured values of the index of refraction and the scattering anisotropy coefficient, were input into the IAD program. The output provided the dimensional quantities a and , defined by Eqs. ͑6͒ and ͑7͒, respectively. The absorption and scattering coefficients were Table 4 Wavelength-dependent absorption coefficient ( a ), scattering coefficient ( s ), total attenuation coefficient ( t ), mean-free-path (1/ t ), albedo (a), and optical depth () as determined by IAD using the measured diffuse reflectance (R d ), diffuse transmittance (T d ), and collimated transmittance (T c ) for bovine retina. The margin of error is given below the measured values. Tables 6 and 7 for retinal and RPE-choroidal tissue, respectively. In retinal tissue, the scattering was found to be significantly higher than the absorption, while in the RPE-choroidal tissue, both the absorption and scattering were found to be comparable. However, the total attenuation coefficients of the RPE-choroid are consistently higher than those of the retina. This is perhaps because the RPE-choroid is physiologically more opaque and contains melanin. The values of the attenuation coefficients of the retina can be attributed to some inadvertant cross-contamination of the retina with melanin granules from the RPE during sample preparation. Since the attenuation coefficients of RPE-choroidal tissue at all wavelengths investigated are significantly higher than those of the retina, the penetration depths in the RPE-choroid are much smaller than those in the retina. The actual values of the absorption and scattering coefficients for the retinal and RPEchoroidal tissues reported in this study have importance for practical applications requiring the prediction of light transport through pigmented tissue, e.g., in the design of treatment models for laser-induced thermotherapy or photodynamic therapy in the eye, where the degree of pigmentation at the target sites may vary. Variable pigmentation obviously complicates the laser dosimetry for such treatment modes because the amount of light delivered will have to be adjusted for the amount of tissue pigmentation in order to achieve some standard clinical effect. 2 The data for the shifts of polarization in the retinal and RPE-choroidal tissues are given in Tables 1 and 2 . The experimental data were tested for normality with a statistical software program, SPSS; the data exhibited normal distribution. At this point, a basic student's t-test was performed on the samples. With an alpha level of 0.05, a comparison of the polarization shifts between the left and right eye samples yielded a t-value of 3.55. Since this is larger than the accepted t-value of 2.78 ͑at 0.05 alpha level͒, the difference is statistically significant. The variations observed in the polarization shifts between the left and right eyes could be due to minuscule differences in thickness in the prepared tissue samples, particularly when different spots on the same sample were chosen for collecting the data. Our data clearly suggest that the bovine ocular tissues possess strong polarization properties. However, the RPE-choroidal tissue shows a higher de- Table 5 Wavelength-dependent absorption coefficient ( a ), scattering coefficient ( s ), total attenuation coefficient ( t ), mean-free-path (1/ t ), albedo (a), and optical depth () as determined by IAD using the measured diffuse reflectance (R d ), diffuse transmittance (T d ), and collimated transmittance (T c ) for bovine RPE-choroid. The margin of error is given below the measured values. gree of polarization shift than the retina. We also measured the polarization shifts in the bovine retina at 24-h intervals and found that the shift decreases significantly 48 h after sample preparation. These values are given in Table 3 . During this period of measurement, the samples were kept refrigerated. The sharp decrease in polarization shift can be attributed to the physiological degradation of the retinal tissue, which changed the optical properties drastically.
Retinal neovascularization resulting from diabetic retinopathy is the most common cause of blindness in young patients in major industrialized countries, 26, 27 and choroidal neovascularization resulting from age-related macular degeneration is the most common cause of severe vision loss in elderly patients. 28 This retinal vascular development occurs by a combination of vasculogenesis and angiogenesis. 29, 30 An additional diagnostic application of retinal polarization would be to evaluate the effect of glaucomatous damage to the nerve fiber layer in the retina. This is based on an excellent study by Ducros et al., 31 who have reported that polarization-sensitive optical coherence tomography ͑PSOCT͒ can determine the thickness and birefringence of the retinal nerve fiber layer.
High transmittance values in the visible region have been reported in previous studies on retinal and RPE-choroidal tissues. 32, 33 Geeraets and Berry 32 found that in the visible region transmittance was greater than 80% in human, rabbit, and monkey retinal tissues. However, Van den Berg and Spekreijse 33 argued that the data presented by Boettner and Wolter 34 could be explained only on the basis of pure water content in the ocular tissues. Additional studies on the spectral properties of ocular media ranging from UV through nearinfrared have been reported by other authors. [35] [36] [37] [38] [39] The high transmittance and very low reflectance values in the visible region reported by these authors are similar to ours.
The optical polarization studies presented in this article show that the bovine retina and RPE-choroid both possess strong polarization characteristics. It was shown earlier that the light-scattering property of biological tissues can be used as a diagnostic tool. 4 In addition, owing to retinal and subretinal birefringence characteristics, an optical polarization study of ocular tissues is important for noninvasive diagnosis of neovascularized tissues. Therefore, further polarimetry investigations of retinal and RPE-choroidal tissues, especially from human eyes at different pathological stages are imperative for the development of a quantitative, noninvasive diagnostic technique for ocular diseases. 
